The global epidemic of obesity and physical inactivity may have detrimental implications for young people's cognitive function and academic achievement. This prospective study investigated whether childhood motor function predicts later academic achievement via physical activity, fitness, and obesity. The study sample included 8,061 children from the Northern Finland Birth Cohort 1986, which contains data about parent-reported motor function at age 8 y and self-reported physical activity, predicted cardiorespiratory fitness (cycle ergometer test), obesity (body weight and height), and academic achievement (grades) at age 16 y. Structural equation models with unstandardized (B) and standardized (β) coefficients were used to test whether, and to what extent, physical activity, cardiorespiratory fitness, and obesity at age 16 mediated the association between childhood motor function and adolescents' academic achievement. Physical activity was associated with a higher grade-point average, and obesity was associated with a lower grade-point average in adolescence. Furthermore, compromised motor function in childhood had a negative indirect effect on adolescents' academic achievement via physical inactivity (B = -0.023, 95% confidence interval = -0.031, -0.015) and obesity (B = -0.025, 95% confidence interval = -0.039, -0.011), but not via cardiorespiratory fitness. These results suggest that physical activity and obesity may mediate the association between childhood motor function and adolescents' academic achievement. Compromised motor function in childhood may represent an important factor driving the effects of obesity and physical inactivity on academic underachievement. academic performance | exercise | motor skills | overweight
The global epidemic of obesity and physical inactivity may have detrimental implications for young people's cognitive function and academic achievement. This prospective study investigated whether childhood motor function predicts later academic achievement via physical activity, fitness, and obesity. The study sample included 8,061 children from the Northern Finland Birth Cohort 1986, which contains data about parent-reported motor function at age 8 y and self-reported physical activity, predicted cardiorespiratory fitness (cycle ergometer test), obesity (body weight and height), and academic achievement (grades) at age 16 y. Structural equation models with unstandardized (B) and standardized (β) coefficients were used to test whether, and to what extent, physical activity, cardiorespiratory fitness, and obesity at age 16 mediated the association between childhood motor function and adolescents' academic achievement. Physical activity was associated with a higher grade-point average, and obesity was associated with a lower grade-point average in adolescence. Furthermore, compromised motor function in childhood had a negative indirect effect on adolescents' academic achievement via physical inactivity (B = -0.023, 95% confidence interval = -0.031, -0.015) and obesity (B = -0.025, 95% confidence interval = -0.039, -0.011), but not via cardiorespiratory fitness. These results suggest that physical activity and obesity may mediate the association between childhood motor function and adolescents' academic achievement. Compromised motor function in childhood may represent an important factor driving the effects of obesity and physical inactivity on academic underachievement. academic performance | exercise | motor skills | overweight T en percent of school-aged children and youths worldwide are estimated to be overweight or obese, with the rate escalating dramatically in many countries (1) . At the same time, only onethird of children and adolescents are estimated to be sufficiently physically active (2) . Recent literature shows that, besides the well-known physical health risks (3), physical inactivity (4-6) may have detrimental effects on young people's cognitive function and academic achievement, whereas adequate physical activity (4) (5) (6) and increased cardiorespiratory fitness (7-9) may benefit them. Obesity is one of the most common consequences of sedentary lifestyles (10) , and has been shown to predict poor academic achievement and cognitive function in childhood (4) . Such associations are potentially explained by lifestyle factors related to the energy-metabolic balance (e.g., physical activity and diet) and to changes in learning and memory that these two key health behaviors induce (11) .
Because childhood motor function is closely related to growth and cognitive development (12, 13) , it may represent an important underlying factor for later academic achievement. Adequate motor function is also a prerequisite for performing physical activity (14) , and has been linked to cardiorespiratory fitness (15) (16) (17) and obesity (16) through increased capacity and competence to perform physical activities (e.g., increased strength and power) (14) . In addition, childhood motor function is a developmental means for language acquisition (13, 18) , and well-developed gross motor skills facilitate children's academic abilities in reading, language, and mathematics (18) .
As the prevalence of physical inactivity and obesity continues to rise in youth around the world (4), it is important that we understand the interrelatedness of these key factors and their potential impact on academic achievement. The aim of this study was to examine whether childhood motor function predicts later academic achievement via physical activity, fitness, and obesity. Our main hypothesis is that compromised motor function in childhood would lead to adolescent obesity, physical inactivity, and low cardiorespiratory fitness, all of which are, in turn, associated with academic underachievement. We used data from a large, prospective birth cohort including 8,061 children. For the study design, see Fig. S1 .
Results
The sex-specific distributions of parent-reported motor function, self-reported physical activity, predicted cardiorespiratory fitness, obesity, academic achievement, and all contextual variables from the original data are presented in Table S1 . At age 8 y, boys were more likely to have compromised motor function compared with girls (P < 0.001). At age 16 y, girls (M = 8.1, SD 0.8) had higher academic achievement levels, as indicated by grade-point average (GPA), compared with boys (M = 7.5, SD 0.9) (P < 0.001). The mean metabolic equivalent of task (MET) hours per week were 32.8 (SD 17.9) for boys and 28.7 (SD 15.5) for girls (P < 0.001). The mean peak oxygen consumption (VO 2peak in mL·kg −1 ·min −1 ) was 49.1 (SD 9.7) among boys and 35.4 (SD 6.4) among girls (P < 0.001). Boys were more often overweight or obese compared with girls (P = 0.001). Correlations of the variables are presented in Table S2 .
The structural equation models (with standardized β-coefficients) that describe the mediating effects of physical activity, fitness, and obesity on the association between childhood motor function at age 8 y and adolescents' academic achievement at age 16 y are described in Fig. 1 . The model fitted the data well in terms of root-mean-square error of approximation (0.045) and comparative-fit index (0.974). Unstandardized (B) and standardized (β) regression coefficients conditional on all of the variables in the structural equation modeling (SEM) analysis are shown in Table 1 . Table 2 presents the indirect and total effects (unstandardized B coefficients) of childhood motor function and adolescents' physical activity, fitness, and obesity levels on academic achievement, calculated assuming that the relations depicted in Fig. 1 are correct. Initially, childhood motor function had a direct effect on adolescents' academic achievement, but it did not remain statistically significant after taking into account the mediating effects of physical inactivity and obesity.
The unstandardized B coefficients suggested that compromised motor function in childhood predicted lower levels of physical activity (B = -4.673), poor cardiorespiratory fitness (B = -1.460), and higher levels of obesity (B = 0.287) in adolescence (Table 1) . Furthermore, higher levels of physical activity were associated with a higher GPA (B = 0.005) and obesity with a lower GPA (B = -0.086) in adolescence. Compromised motor function had a negative indirect effect on academic achievement via lower levels of physical activity (B = -0.023) and obesity (B = -0.025), but not via cardiorespiratory fitness ( Table 2 ). The estimated total effect of compromised motor function on academic achievement (B = -0.042) corresponded to a decrease of 0.04 units in the GPA. The described model explained 31% of the variance in the GPA, as indicated by the R 2 value (0.31). We also fitted structural equation models separately for boys (n = 4,126) and girls (n = 3,935), and compared the estimates with those obtained from an analysis including both sexes. In general, there were no significant differences in the estimates between boys and girls, except in the association between compromised motor function and cardiorespiratory fitness, which was attenuated among girls [B = -0.135, 95% confidence interval (CI) = -0.619, 0.349] compared with boys (B = -2.574, 95% CI = -4.275, -0.873). We further compared the distributions of all of the variables used in the present study between the sample with complete cases only (information available on all of the variables in the model) (n = 2,865) and the full study sample, including those participants who had missing values in at least one variable (n = 8,061). Participants in the full sample were more likely to have problems in learning to read (12% vs. 10%), write (17% vs. 14%), and do mathematics (9% vs. 6%), to have a mother with basic-level education (11% vs. 9%), to have a lower GPA (7.8 vs. 8.0), and to be less physically active (mean MET hours per week = 30.7 vs. 32.3) compared with participants with complete data. We then fitted the models for complete cases only, and compared the estimates with those obtained from an analysis including all cases. In general, all of the estimates pointed in the same direction and were approximately of the same magnitude as in the all-cases analyses. However, the association between compromised motor function and cardiorespiratory fitness was attenuated in the complete-case analyses (B = -0.442, 95% CI = -1.034, 0.151) compared with the allcases analyses (B = -1.460, 95% CI = -2.426, -0.494). The variables with missing values were included in the model used for the all-cases analyses; therefore, imbalances between participation and nonparticipation at any given time were implicitly taken into account in the all-cases analyses.
Discussion
Our data provide evidence that physical activity and obesity mediate the association between childhood motor function and adolescents' academic achievement. Compromised motor function in childhood may serve as a significant underlying factor for the effects of obesity and physical inactivity on academic underachievement, which has recently attracted attention as a growing global education and public health concern (4). Poor motor activity in the early school years can contribute to setting the child on a negative developmental trajectory.
There is a growing body of literature demonstrating that lifestyle factors such as excess sedentary behavior and an unhealthy diet may compromise children's cognitive and academic performance (4, 5) . Our results partly support previous findings indicating that overweight and obesity (19, 20) , especially overconsumption of energy (11, 21) and excess body fat content (22) , are adversely linked to cognitive and academic performance in children and youths. On the other hand, physical activity may counteract the decrease in hippocampal brain-derived neurotrophic factor levels due to the consumption of a high-fat diet (23) . Our results underscore the growing literature, expounding the beneficial effects of physical activity on academic performance (4) (5) (6) . Some studies have suggested that involvement in physical activity influences engagement in learning, defined as improved self-concept and increased academic self-confidence (24) . Physical activity may induce arousal and reduce boredom, leading to an increase in attention span and concentration (25) . In addition, animal studies have suggested that molecular and cellular changes such as neurogenesis, synaptic plasticity, and neurotransmitters appear to underlie the effects of physical activity on cognition and learning (5) . The positive effect of physical activity on the brain's health, structure, and function may be especially beneficial for memory and executive functions (26) (27) (28) , which may partly explain the positive association between physical activity and academic achievement.
The present study contributes to the knowledge pool by demonstrating candidate causal pathways from childhood motor function to adolescents' academic achievement via obesity and physical activity. Our results are in line with previous studies in which compromised motor function in childhood predicted adolescent obesity (16, 29, 30) , physical inactivity (17, 31) , and poor cardiorespiratory fitness (14, 16) . It has been suggested that there is a negative spiral of disengagement in physical activity with low motor competence, low perceptions of motor skill competence, physical inactivity, and poor fitness, leading to obesity, which, in turn, negatively influences the other factors (14) . However, cardiorespiratory fitness did not mediate the association between childhood motor function and adolescents' academic achievement in the present study when the mediating effects of physical activity and obesity were taken into account. Evidence on this is mixed and inconclusive, with some studies indicating a positive association and some showing no association (4). Our results add to the current knowledge by indicating complex interrelations and shared, as well as independent, effects of physical activity and obesity on academic achievement. This emphasizes the need to better understand the mediators for the effects of physical activity and obesity on academic achievement. It is also possible that the Physical-activity level was defined as metabolic equivalent hours per week based on the intensity and volume of physical activity engaged in outside school hours, including commuting to and from school. Cardiorespiratory fitness was measured with a submaximal cycle ergometer test and expressed as peak oxygen uptake in mL·kg
Obesity level was defined using the IOTF age-specific cutoff points for BMI. The BMI was calculated as the weight divided by the square of the height (kg/m 2 ).
effects of physical activity and obesity on academic achievement are determined by different subcomponents of these factors, such as the intensity and type of physical activity. The shared effects of physical activity and obesity on academic achievement have been rarely recognized in previous studies and may, thus, partly explain inconsistencies in previous literature. Although some previous studies have reported sex differences in obesity (20) , physical activity (32, 33) , and fitness (34) in association with academic achievement, in this study the direction and magnitude of the associations were similar for boys and girls. The use of a large, unselected population sample with the ability to use observations with missing values allowed us to exploit the data to their full potential, with a considerable increase in statistical power. Further studies of more-contemporary cohorts within different sociocultural settings and with objective measures of motor function and physical activity are needed to address causality and to confirm these results. However, the present results provide evidence that supports the establishment of educational and public health policies to identify children at risk for physical inactivity and obesity and to prevent their negative consequences on cognitive function and academic achievement. Considering the simplicity and the reasonable validity of the questions used to measure childhood motor function in the present study, they could be considered as a valuable and practical screening tool for parental evaluation at the societal level.
Our study was based on a large, unselected population sample, which allowed robust SEM using path analysis and latent variables. Furthermore, the prospective longitudinal study design supports some inferences about the direction of the association. Participation rates were high (80-90%). Information on academic achievement was based on nationally comparable grades of the final assessment of basic education, allowing a representative and comprehensive estimate of adolescents' academic achievement. Despite the benefits of the SEM as a statistical approach, the results must be interpreted in conjunction with a set of assumptions. First, in interpreting the direct and indirect effects obtained, we assume that the specified model was correct with no unmeasured confounders (35) . Further, to be able to claim that the effects obtained are causal, the following assumptions need to be fulfilled: (i) no unmeasured confounding between the exposuremediator relationship; (ii) no unmeasured confounding between the mediator-outcome relationship; (iii) no unmeasured confounding between the exposure-outcome relationship; and (iv) no unmeasured mediator-outcome confounders that are affected by treatment (36) . We have used our subject-matter knowledge in selecting the confounders and covariates in our model and assume that most of the relevant confounders were included. However, the possibility of residual confounding always remains. In addition, any causal inference drawn should be treated with the appropriate caution.
The measures of motor function were based on parental reports rather than on more-accurate objective measurements and are, thus, susceptible to inaccuracy (37) . It is possible that poor parental understanding of motor development contributes to the measures of parent-reported motor function. Furthermore, the criterion validity of the questions used to measure parentreported motor function has not been established in Finnish children. However, the prevalence of compromised motor function in our study was comparable to the prevalence reported in previous studies. In addition, we have produced evidence supporting the convergent validity of these questions, including the previously reported associations of these measures of parentreported motor function with physically active play in childhood and with physical activity and cardiorespiratory fitness in adolescence (17) . Our study relied on adolescents' self-reported physical activity, which might contain relatively large measurement errors and social desirability bias (38, 39) . Physical activity, fitness, obesity, and academic achievement were measured at 16 y, limiting the interpretation of causality in explaining academic achievement. It would have been useful and informative to have all these factors measured at several time points to enable the examination of how these variables change with respect to each other over time. However, one of the indications of successful selection and model fitting was, for example, the fact that the assumed models explained a high percentage (∼31%) of the total variation in academic achievement, yet it is likely that a notable proportion of this variation was explained by sex and maternal education.
In summary, using a large European population-based cohort, we found evidence that physical activity and obesity mediate the association between childhood motor function and adolescents' academic achievement. Compromised motor function in childhood may represent an important factor driving the effects of obesity and physical inactivity on academic underachievement.
Materials and Methods
For a full description of all materials and methods, see SI Materials and Methods.
Participants. The study sample consisted of a prospective mother-child birth cohort, the Northern Finland Birth Cohort 1986, which at baseline was composed of 9,432 infants whose expected date of birth was between July 1, 1985, and June 30, 1986 , in the two northernmost provinces of Finland, Oulu and Lapland (40) . Data collection commenced during the mothers' pregnancy, and follow-up surveys were carried out when the children were 7-8 y old (1992-1994) (hereafter "8 y") and 15-16 y old (2001-2002) (hereafter "16 y"). The present analysis included those 8,061 children (4,126 boys and 3,935 girls) who had complete information on academic achievement at age 16. Informed consent was obtained from all participants and their parents, and the research protocol was approved by the Ethics Committee of Northern Ostrobotnia Hospital District.
Parent-Reported Motor Function. Gross motor skills at the age of 8 y were measured through the parents' questionnaire. The parents were asked the following questions: "Does your child bump into something or fall down often?" [response alternatives: (i) yes, (ii) no, and (iii) cannot say]; "Can your child usually catch a ball in a game?" (i) mostly, (ii) sometimes, and (iii) hardly ever; and "Can your child skate?" (i) yes, (ii) no, and (iii) not attempted. Fine motor skills were investigated with the following questions: "Is your child's pencil use awkward?" (i) yes, (ii) no, and (iii) cannot say; and "Can your child tie his or her shoelaces?" (i) yes, (ii) no, and (iii) not attempted. A latent variable "compromised motor function" was specified using these five variables measuring gross and fine motor skills to represent the underlying parentreported motor function at age 8 y. The questions used to measure parentreported motor function have been previously described in detail (17). Physical-activity level was defined as metabolic equivalent hours per week based on the intensity and volume of physical activity engaged in outside school hours, including commuting to and from school. Obesity level was defined using the IOTF age-specific cutoff points for BMI. The BMI was calculated as the weight divided by the square of the height (kg/m Self-Reported Physical Activity, Predicted Cardiorespiratory Fitness, and Obesity. Self-reported physical activity outside school hours was evaluated separately for moderate-to-vigorous physical activity and light physical activity at age 16 y by asking participants, "How many hours a week all together do you participate in (a) brisk and (b) light physical activity outside school hours?" In the questionnaire, the term "brisk" was defined as physical activity causing at least some sweating and shortness of breath (here referred to as moderate-to vigorous-intensity physical activity), whereas the term "light physical activity" was defined as causing no sweating or shortness of breath. In addition, the adolescents were asked about their daily time spent in physically active commutes to and from school. The response alternatives (not at all, less than 20 min, 20-39 min, 40-59 min, and at least 1 h per day) were multiplied by 5 (5 school days a week) to correspond to 0, 1, 2.5, 3.75, and 5 h/wk (41). The physical-activity level was converted into MET hours per week based on the intensity and the volume of physical activity engaged in outside school hours, including commuting to and from school (in this study, referred to as "physical activity"). A MET-intensity value of three METs was used for light physical activity, five METs for brisk physical activity, and four METs for commuting physical activity in the calculations (42) . The test-retest reliability of these physical-activity questions among Finnish adolescents aged 15-16 y has been reported to be good (41) . The intraclass correlation coefficient for physical-activity levels described in terms of quintile categories of MET hours per week was 0.70 (95% CI = 0.58-0.80), and the proportion of subjects who were classified in exactly the same category or next to the same category in two different tests was 86%.
Predicted cardiorespiratory fitness (in this study, referred to as "cardiorespiratory fitness") was measured during a health examination at age 16 (n = 5,375) with a submaximal cycle ergometer test and expressed as peak oxygen uptake in mL·kg −1 ·min −1 . The exercise test protocol included two incremental work stages of 4 min each on a bicycle ergometer (model 818E; Monark). Peak oxygen uptake was calculated based on the heart-rate response during submaximal work stages. The method has been validated against directly measured VO 2peak during the maximal exercise test and has been previously described in detail (43) . The cycle ergometer test is likely to be a relatively objective measure of physical fitness for young people, regardless of their motor development (17) . At the age of 16 y, the adolescents self-reported their body weight and height in the postal questionnaire, and these were measured in the health examination. Self-reported body weight and height were used for those who failed to attend the health examination. Body mass index (BMI) was calculated as the individual's weight divided by the square of the height (kg/m 2 ). Obesity was defined using the International Obesity Task Force (IOTF) agespecific cutoff points for BMI (44) .
Learning and Education. Information on academic achievement was provided by the National Application Register for Upper Secondary Education, Finland, based on nationally comparable grades of the final assessment of basic education. The grades refer to numerical assessment on a scale of 4-10, where 4 denotes failure (US grade F) and 10 denotes excellent knowledge and skills (US grade A). They describe the level of performance in relation to the objectives of basic education at the end of grade 9 (age 16). The GPA was calculated as a measure of academic achievement based on the grades in the following school subjects: mother tongue (in most cases Finnish or Swedish), first foreign language (started at grade 3), second foreign language (started at grade 7), mathematics, biology, geography, physics, chemistry, religion or ethics, history, music, visual arts, physical education, crafts, and home economics. A Finnish GPA of 5.0-5.9 equals 1.0 (D) in US GPA, 6.0-6.9 equals 2.0 (C), 7.0-8.9 equals 3.0 (B), and 9.0-10.0 equals 4.0 (A).
Teachers assessed the children's academic impairment at the age of 8 y by answering the question, "Does the child have difficulties with learning (i) to read, (ii) to write, or (iii) to do mathematics?" [response alternatives: (a) yes and (b) no] (45). Previous studies have reported that single-item teacher ratings are accurate measures of impairment, concurring with results of achievement tests (46, 47) . These three components of impairment in learning were combined into a single latent variable, "early academic impairment." The mother's highest level of education when the adolescent was 16 y old was ascertained from the parents. The variable was categorized according to education-level categories used by the International Standard Classification of Education (48): (i) basic education, lasting 9 y or less, (ii) upper secondary education, lasting 10-12 y, and (iii) tertiary/higher education, lasting ≥13 y.
Statistical Analyses. We used structural equation modeling to explore and model the hypothesized underlying relations between the variables of interest. Four simultaneous equations were fitted, with academic achievement, physical activity, cardiorespiratory fitness, and obesity level at age 16 y as the outcome variables. Estimation of the parameters was carried out by the method of a robust weighted least-squares estimator. The multiple imputation by chained equations method (49) was used to generate multiple datasets of incomplete data, which were analyzed using a special feature of Mplus (50) . For comparison, we also estimated the model's parameters separately for boys and girls and for complete cases only. Effect sizes of the predictors on the outcome variables were expressed as unstandardized (B) and standardized (β) estimates. The total effects of the predictors on the outcomes were computed by adding the indirect and direct effects together. The model was evaluated using the following goodness-of-fit indices: the comparative-fit index and the root-mean-square error of approximation. Modification indices (51) were used to detect misspecifications in the model. All of the analyses were conducted with SPSS software, version 19 (52), R, version 2.12.2 (53), and Mplus, version 6.11 (50) . All P values reported are two-sided.
